S
timulation of rat serosal mast cells, with ensuing degranulation, leads to exocytosis of their cytoplasmic secretory heparin proteoglycan-containing granules, which, on entering the extracellular fluid, lose their soluble components, such as histamine. 1 The granules also contain 1 neutral endopeptidase, chymase. After exocytosis, chymase remains tightly bound to the heparin proteoglycan matrix of the granules, thus forming protease-proteoglycan complexes, which we have called granule remnants. Chymase in the granule remnants impairs the efflux of cellular cholesterol from mouse peritoneal macrophage foam cells promoted by HDLs and by human plasma. [2] [3] [4] [5] ApoA-I, the main apolipoprotein in HDL, plays an important role in cellular cholesterol homeostasis by promoting efflux of cholesterol from cholesterol-loaded cells. 6 It has been suggested that HDLs induce cholesterol efflux from cells by 2 fundamentally different mechanisms, the relative importance of which depends on the degree of apoA-I lipidation and on the type of cell. Thus, spherical lipidenriched ␣-migrating HDL particles remove cholesterol by nonspecific aqueous diffusion. 7 The passive diffusion requires a concentration gradient of free cholesterol between the cell membrane and the acceptor particle, which is initiated and maintained by the lecithin-cholesterol acyltransferase (LCAT) reaction, and results in cholesterol esterification and in internalization of the formed cholesteryl esters to the HDL core. The other mechanism, known as the apolipoproteinmediated pathway, 8 requires active intracellular cholesterol transport, and it appears to be controlled by the ATP-binding cassette transporter A1. 9 In this mechanism, the lipid-free apoA-I and small discoidal lipid-poor pre-␤-migrating HDL particles interact with the cell membrane through a more efficient process that leads to removal of cholesterol and phospholipids. In line with this concept, we have demonstrated that apolipoprotein integrity constitutes a crucial factor for HDL 3 -mediated stimulation of the high-affinity efflux of cellular cholesterol from macrophage foam cells. 2, 3 Importantly, the protease-dependent loss of the high-affinity component of the efflux was due to depletion of the minor, but extremely protease-sensitive, subpopulations of HDL 3 that contain either only apoA-I (pre-␤ 1 -LpA-I) or only apoA-IV (LpA-IV). 4 In contrast, the ability of chymasetreated HDL to activate LCAT was not affected. 5 The above results are consistent with the view that the defective highaffinity removal of cholesterol from macrophage foam cells by the proteolytically modified HDL has resulted from an impairment of the apolipoprotein-mediated pathway.
Further insight into the particular roles of the various HDL apolipoproteins in cholesterol efflux can be obtained from experiments in which cholesterol donor cells are incubated with samples of serum from genetically engineered mice. Such studies have indicated the complexity of the process that determines the efficiency of whole serum to promote cellular cholesterol efflux. 10 -12 Taken together, these studies have highlighted the fact that the concentration of HDL phospholipids and the concentration of the small fraction of particles containing apoA-I (the pre-␤ fraction) independently contribute to the cholesterol efflux potential of serum. However, besides apoA-I, other apolipoproteins in mouse plasma are also active in inducing cholesterol efflux from cells and can substitute for a specific loss of apoA-I and thus prevent the development of atherosclerosis in the apoA-I-knockout (A-I-KO) mouse. 13 Indeed, studies with knockout mice have highlighted the physiological redundancy of HDL apolipoproteins. 14 In light of the above considerations, the aims of the present studies performed in primary mouse macrophage cultures were to evaluate the following: (1) the effect of mast cell chymase on the residual cholesterol efflux potential of A-I-KO mouse plasma in which the expression of murine apoA-I was abolished by gene targeting and (2) the ability of discoidal pre-␤-migrating reconstituted HDL (rHDL), containing human apoA-I or apoA-II as the sole apolipoprotein, to restore the cholesterol acceptor function of the proteolyzed plasma.
Methods
An expanded Methods section can be accessed online at http://www.atvb.ahajournals.org.
A transgenic line of mice that does not express murine apoA-I (A-I-KO mice) was kindly provided by Dr Nobuyo Maeda (Department of Pathology and Laboratory Medicine, University of North Carolina, Chapel Hill). 15 C57BL/6J (wild-type) mice matched for sex and age were used as controls.
Mast cell granule remnants were isolated, 16 their quantity was expressed in terms of their total protein content, and their proteolytic activity (chymase) was determined, as previously described. 17 The heparin proteoglycan-bound chymase in granule remnants is partially active in the presence of plasma. 18 ApoA-I and apoA-II were purified from human blood plasma, as previously described. 19 Discoidal pre-␤-migrating rHDL containing palmitoyl oleoyl phosphatidylcholine (POPC) and apoA-I or apoA-II were prepared by the cholate dialysis technique, 20 after which their average diameters 21 and phospholipid 22 and protein contents were measured. The preparation yielded rHDLs with a POPC-to-protein ratio of 2.5:1 and average diameters of 9.6 nm (apoA-I rHDL) and 10.0 nm (apoA-II rHDL). Human LDL (density 1.019 to 1.050 g/mL) was isolated by ultracentrifugation and acetylated (yielding acetyl-LDL), 23 and acetyl-LDL was radiolabeled 24 Mouse plasma was treated with chymase by incubating it in the presence of granule remnants; the plasma was then subjected to agarose gel electrophoresis for lipoprotein analysis. For apolipoprotein analysis, plasma total lipoprotein fraction was obtained by ultracentrifugation (density Ͻ1.21 g/mL), dialyzed, denatured, and loaded onto a 4% to 20% linear gradient SDS-PAGE gel. For measurement of cholesterol efflux, [ 3 H]cholesterol-loaded mouse macrophages were incubated with the indicated concentrations of variously treated mouse plasma, supplemented or not with the rHDLs, and the radioactivity in the incubation medium, reflecting efflux of cellular radiolabeled cholesterol, was determined as described previously. 3 
Results

Cholesterol Efflux Promoted by A-I-KO Plasma After Incubation With Chymase-Containing Granule Remnants
Mouse peritoneal macrophages were filled with radiolabeled cholesterol, after which increasing concentrations of plasma pools from either the C57BL/6J (wild-type) mouse or the A-I-KO mouse were added to the cells, and the extent of cholesterol efflux was measured after 4 hours ( Figure 1A and 1B). The plasma pools had been previously incubated overnight at 37°C in either the absence (untreated plasma) or the presence (chymase-treated plasma) of granule remnants. We found that compared with the wild-type plasma, the A-I-KO plasma consistently induced only a slightly lower efflux (by Ϸ15%) of cholesterol from the cholesterol-filled mouse peritoneal macrophages. As judged from the shape of the curves describing cholesterol efflux, both types of untreated plasma induced an efflux of cholesterol, which consisted of 2 components. Thus, on adding increasing amounts of either untreated wild-type or A-I-KO plasma, the rate of cholesterol efflux rose rapidly at low plasma concentrations (up to 0.5%), reflecting a higher-affinity component of the efflux, and then continued to increase less rapidly, reflecting a lower-affinity component of the efflux process. Notably, treatment of either plasma with chymase strongly reduced their cholesterol efflux-promoting ability (by Ϸ70%), and, more important, abolished the high-affinity component of the cholesterol efflux ( Figure 1A and 1B). In control experiments, we found that preincubation of the plasmas at 37°C in the absence of chymase did not influence the efflux kinetics of the plasmas (not shown).
Effect of Incubation With Granule Remnants on Mouse Plasma Lipoproteins
To determine whether the chymase-induced inhibition of the ability of plasma to accept cholesterol was related to chymase-induced modification of individual fractions of plasma lipoproteins, aliquots of plasma from the A-I-KO and the wild-type mice were treated with granule remnants overnight and analyzed in agarose gel electrophoresis (Beckman Paragon Lipokit). The results showed that chymase treatment had not modified the relative mobilities of the lipoproteins (not shown). As previously described, 25 the A-I-KO mouse plasma contained relatively low levels of VLDL, LDL, and HDL, and all lipoprotein bands became even more faint after treatment of the plasma with chymase (not shown). Next, we analyzed on the agarose gel the apoA-I-containing particles of the wild-type mouse plasma by immunodetection with a specific antibody against mouse apoA-I. As shown in Figure 2A , the pre-␤-HDL band had completely disappeared after the plasma had been treated with chymase.
We then studied the effect of chymase treatment on the apolipoprotein patterns of the 2 kinds of mouse plasma. After incubation of plasma with the chymase-containing granule remnants for 20 hours, the lipoproteins were isolated by ultracentrifugation, and their apolipoprotein profiles were examined on SDS-PAGE (4% to 20%). Sufficient quantities of samples were loaded in each gel to provide reliable visualization of the minor apolipoprotein bands; hence, the gels loaded with the wild-type plasma were overloaded with apoA-I ( Figure 2B ). ApoA-I, the predominant apolipoprotein in the wild-type plasma, appeared to be degraded only to a small extent, reflecting the extensive degradation of the apoA-I contained in the small pre-␤-migrating HDL fraction (see Figure 2A) , which was found to constitute only Ϸ6% to 10% of the total apoA-I in plasma. In addition to the pre-␤-migrating apoA-I, some other apolipoproteins also present in minor amounts in the mouse plasma were the main targets of chymase. Thus, in wild-type plasma, we observed total disappearance of the minor bands corresponding to apoA-IV, apoE, and the lower molecular weight band in the apoC zone and, moreover, Ϸ80% reduction of apoA-II. In the A-I-KO mouse plasma, apoA-IV was not detected, but this plasma exhibited an intense band of apoE, reflecting the typical high apoE content of its HDL. 11, 25, 26 Chymase treatment of the A-I-KO plasma resulted in total disappearance of the apoE and apoA-II bands, thus rendering the plasma practically devoid of HDL apolipoproteins. Incubation without granule remnants did not change the apolipoprotein profile of the native plasma, nor did incubation of the plasma with phenylmethylsulfonyl fluoride-treated granule remnants, in which the chymase is inactive (not shown). Thus, the effect of incubation with granule remnants on the plasma lipoproteins and on their apolipoprotein profiles was shown to be due to the proteolytically active chymase present in the granule remnants. Effect of incubation with chymase-containing granule remnants on mouse plasma lipoproteins. Untreated and chymasetreated plasma from A-I-KO and wild-type mice was prepared as described in Figure 1 . A, Aliquots of the untreated and chymasetreated wild-type plasma were applied to agarose gel electrophoresis (Beckman Paragon system), and the apoA-I-containing particles were detected by apoA-I immunoblotting. B, Samples of the untreated and chymase-treated wild-type and A-I-KO plasmas were adjusted to a density of 1.21 g/mL, and lipoproteins were isolated from 100 L in an Air-Fuge (Beckman), desalted on 0.025 m Millipore membranes, loaded onto SDS-PAGGE gel (4% to 20%) and proteins were visualized with Coomassie Brilliant Blue.
Effect of ApoA-I rHDL and ApoA-II rHDL on the Ability of Chymase-Treated A-I-KO Plasma to Induce Cholesterol Efflux From Macrophage Foam Cells
Because treatment of plasma from the A-I-KO mouse with chymase dramatically depleted the HDL apolipoproteins and reduced the ability of the plasma to promote efflux of cellular cholesterol, we then tested whether addition of pre-␤-migrating rHDL, containing either human apoA-I or apoA-II, to the chymase-treated plasma would restore the cholesterol efflux potential of the proteolyzed plasma. For this purpose, we added aliquots of apoA-I rHDL or apoA-II rHDL to A-I-KO plasma (2.5% [vol/vol] in medium) that had been preincubated in either the absence (untreated A-I-KO) or presence (chymase-treated A-I-KO) of granule remnants and incubated the various mixtures with [
3 H]cholesterol-loaded foam cells for 4 hours to measure the efflux of cellular cholesterol. The final concentration of apoA-I rHDL in the medium (40 g/mL) did reconstitute the level of apoA-I in the 2.5% A-I-KO plasma to that found in wild-type plasma (1.6 mg/mL in C57BL/6J mice). 13, [25] [26] [27] Also, the quantity of human apoA-II added was chosen to yield a final concentration in medium (15 g/mL) equal to that of the apoA-II present in C57BL/6J plasma (0.6 mg/mL). 28 As shown in Figure 3 , after preincubation with granule remnants, the cholesterol efflux potential of A-I-KO plasma was reduced by Ϸ60% (A). Importantly, addition of apoA-I rHDL to the A-I-KO plasma from which apolipoproteins had been depleted by protease treatment restored the efflux potential to a level similar to that of the untreated plasma (B). Moreover, it also increased the efflux potential of the untreated A-I-KO plasma by Ϸ20%. Interestingly, addition of apoA-II rHDL to the proteolyzed A-I-KO plasma (devoid of apoA-II) also increased its efflux potential, which became even higher than after addition of apoA-I rHDL (C). Indeed, addition of apoA-II rHDL was as effective as apoA-I rHDL in increasing the ability of the untreated A-I-KO plasma to promote cholesterol efflux. The final levels of apoA-I and apoA-II in the media were nonsaturating, because cholesterol efflux still increased when the rHDLs were added to the plasmacontaining incubation medium in a final concentration of 100 g/mL.
Effect of ApoA-I rHDL and Protein-Free POPC Liposomes on the Ability of Chymase-Treated C57BL/6J Plasma to Induce Cholesterol Efflux From Macrophage Foam Cells
Because it had been reported that the cholesterol effluxinducing ability of plasma was enhanced by the addition of POPC alone, 29 we studied the efflux-enhancing effect of POPC on proteolyzed wild-type plasma in which the highaffinity component of efflux sustained by intact HDL apolipoproteins was strongly inhibited. For this purpose, [ 3 H]cholesterol-labeled foam cells were incubated in medium Figure 3 . Effect of apoA-I rHDL and apoA-II rHDL on the ability of chymase-treated A-I-KO plasma to induce cholesterol efflux from macrophage foam cells. A-I-KO mouse plasma was preincubated in the absence (untreated) or presence (chymasetreated) of mast cell granule remnants, as described in Figure 1 . Aliquots of the preincubated plasma (final concentration 2.5%) in the absence (A) or presence of 40 g/mL of apoA-I rHDL (B) or 15 g/mL of apoA-II rHDL (C) were added to mouse macrophage foam cells in 300 L of culture medium (DMEM containing 100 U/L penicillin, 100 g/mL streptomycin, and 10 IU/mL hirudin). After 4 hours, the efflux of [ 3 H]cholesterol was determined and expressed as described in Figure 1 . Normal distribution of data was confirmed by the Kolmogoroff-Smirnov test, and homogeneity of the variance was determined by the Bartlett test, followed by bifactorial analysis and the Duncan multiple range test. The values shown by the columns with different letters differ significantly from each other (PϽ0.05), whereas those with the same letter do not. containing 2.5% of C57BL/6J plasma, which had been preincubated in the absence (untreated C57BL/6J) or presence (chymase-treated C57BL/6J) of granule remnants and supplemented with either apoA-I rHDL or protein-free POPC liposomes, each providing 100 g/mL of phospholipid to medium. After incubation for 4 hours, the quantity of [ 3 H]cholesterol present in the medium was measured. As shown in Figure 4 , chymase treatment reduced the cholesterol efflux induced by the wild-type plasma by Ϸ60% (panel A), and the addition of apoA-I rHDL to the chymase-treated plasma fully restored its efflux-inducing ability (panel B). In contrast, the addition of POPC liposomes, which resulted in a 4-fold increase of the total phospholipid concentration present in the 2.5% of mouse plasma, 30 only modestly stimulated the efflux of cholesterol and failed to restore the efflux potential of the proteolyzed plasma (panel C). Not even the addition of 300 g/mL of the POPC liposomes was sufficient to restore the efflux-inducing ability of the apolipoproteindepleted plasma (not shown). Finally, the addition of POPC liposomes to the untreated plasma (which contained intact apolipoproteins) produced a minor increase in its efflux potential, which was similar to that produced by the addition of apoA-I rHDL to the untreated plasma (compare panels B and C with panel A). The above results revealed that the presence of apoA-I in the rHDL disks, but not the addition of phospholipids (POPCs) alone, compensated for the functional loss in the cholesterol efflux-inducing ability of the chymasetreated wild-type plasma, in which apoA-I, apoA-II, apoA-IV, and apoE were proteolytically depleted to varying extents (see Figure 2) .
Discussion
In the present study, we demonstrate that plasmas from the A-I-KO mouse and the wild-type mouse promoted similar degrees of cholesterol efflux from mouse peritoneal macrophage foam cells in vitro and that chymase degraded all the apolipoproteins that are efficient cholesterol acceptors, thus inhibiting the high-affinity efflux, which depends on the integrity of HDL apolipoproteins. 3, 4 The roughly similar cholesterol efflux-promoting ability of both mouse plasmas discussed in the present study contrasts with findings in previous studies using cholesterol-labeled Fu5AH rat hepatoma cells, in which cholesterol efflux into the serum of A-I-KO mice was 75% lower than that into the serum of wild-type (C57BL/6) mice. 10, 11 The reason for the reported differences likely reflects differences in the efflux mechanisms between the 2 cell types. The linear correlation found between cholesterol efflux from Fu5AH cells and HDL phospholipids is consistent with the conclusion that in this cell system (expressing the most scavenger receptor class B type I receptor protein among all of the cells tested), the efflux process largely depends on a nonspecific cholesterol exchange mechanism. 7 This view is supported by experimental results indicating that the expression of scavenger receptor class B type I does not increase the efflux of cell cholesterol to lipid-free apoA-I and that apolipoproteins, when incubated with Fu5AH, do not generate HDL. 7 In contrast, apolipoproteins directly interact with the cellular surface of mouse macrophages, such as the RAW264 cell line. The induction of ATP-binding cassette transporter A1 expression in these cells is accompanied by increased binding of apoA-I, followed by assembly of pre-␤-HDL, when apoA-I is released from its cell surface binding site, and cellular phospholipids and cholesterol are removed with it. 8 Moreover, the specific reversible binding of apoA-I to mouse peritoneal macrophages and the release of cellular cholesterol into the medium by extracellular apoA-I are both strongly reduced when the macrophages are isolated from mice treated with probucol. 31 When all forms of LpA-I-containing lipoproteins are lacking from human plasma, efflux of cholesterol from fibroblasts into such HDL-deficient human plasma, compared with normal plasma, is decreased by 50%. 32 The residual cholesterol efflux potential of serum obtained from subjects with the genetically determined low levels of apoA-I can be explained by the presence of apoA-IV and apoE in their sera. 33, 34 In previous experiments with normal human plasma, we found that in addition to the degradation by chymase of the quantitatively minute (but most protease-sensitive) fraction of apoA-I (pre-␤ 1 -LpA-I), LpA-IV was also proteolytically depleted and responsible for the loss of the high-affinity efflux of macrophage cholesterol. 4 The role of murine apolipoproteins in cholesterol efflux and the clearance of cholesterol from peripheral sites have been studied extensively in genetically engineered mice. 35 Our present finding of similar cholesterol acceptor potential of mouse plasma, whether apoA-I was present or not (plasma of the A-I-KO mouse), is compatible with the notion that apoA-I does not play a primary role in the induction of cholesterol efflux by the mouse plasma. This fact may account for the lack of susceptibility to atherosclerosis of the A-I-KO mouse. 25 The present data also reveal that like its human counterpart, mouse apoA-I in pre-␤-HDL particles is very susceptible to proteolysis by chymase, even in the presence of the high concentration of protease inhibitors found in mouse plasma. 36 Indeed, the data suggest that in the mouse, the minor HDL apolipoproteins (apoA-II, apoA-IV, and apoE) are pivotal players in the removal of macrophage cholesterol. Given the limited contribution that apoA-I seems to confer to the efflux potential of mouse plasma, the strong degradation of apoA-II, apoA-IV, and apoE (besides the full proteolytic depletion of apoA-I in pre-␤-HDL) must have been involved in the observed functional loss of the proteolyzed wild-type plasma. Similarly, in the A-I-KO plasma, the extensive degradation of the non-apoB apolipoproteins must have been the reason for the loss of the high-affinity efflux component of cholesterol efflux by this type of mouse plasma.
Taken together, the present data reveal chymase as the first protease that has been demonstrated to proteolytically knock out all the apolipoproteins that are efficient promoters of cellular cholesterol efflux. This fact also provided us with a tool for studying the effect of addition of pre-␤-migrating disks containing human apoA-I or apoA-II (ie, apoA-I rHDL or apoA-II rHDL) to plasmas that are deficient in apoA-I, apoA-IV, apoE, and apoA-II. Interest-ingly, addition of the rHDL disks containing either apoA-I or apoA-II fully reconstituted the efflux potential of both types of mouse plasma that had been proteolytically deprived of the efflux-promoting HDL apolipoproteins. The finding that addition of either apoA-I or apoA-II enhanced the efflux potential of the plasmas suggests that LCAT reaction, which is dependent on activation by apoA-I, was not involved in this effect. Indeed, the concentration-response curves reflecting the addition of apoA-I rHDL to mouse plasma were similar when the efflux experiments were performed in the absence or presence of DTNB, an inhibitor of LCAT (not shown). This finding also provides support for the notion that the nonspecific diffusion-mediated pathway, which partly depends on LCAT activity, was not involved in the rHDLdependent increase in the cholesterol efflux. The fact that even a 2.5-fold lower concentration of human apoA-II had a higher stimulatory effect than human apoA-I, when added to mouse plasma in discoidal rHDL, was unexpected. However, we made a similar observation when this set of apoA-I or apoA-II in rHDLs was added to plasmafree incubation medium of mouse peritoneal macrophage foam cells (M. Lee, P.T. Kovanen, G. Franceschini, L. Calabresi, unpublished data, 2000). Murine and human apoA-I are immunologically cross-reactive, 37 but murine apoA-II differs significantly from human apoA-II regarding primary structure (a monomer instead of a dimer in the latter) and its effect on HDL size. Because human apoA-II is more hydrophobic than mouse apoA-II, we cannot reject the possibility that its incorporation into mouse HDL during the efflux period may have produced displacement of apoA-I from mouse HDL 14 and, by this mechanism, increased the removal of cellular cholesterol.
The present study did not focus on the role of phospholipids in cholesterol efflux. However, in light of the complex interactions of apoA-I with phospholipids in the efflux of cellular cholesterol, 7, 12, 29 we tested the potential of adding either protein-free POPC or apoA-I-containing POPC (ie, apoA-I rHDL) to enhance the ability of wildtype plasma to stimulate cholesterol efflux, and we determined how proteolysis of the plasma would influence such stimulation. Interestingly, apoA-I rHDL and POPC liposomes slightly and equally stimulated the efflux potential of the untreated plasma. In contrast, only the addition of proteoliposomes produced a marked stimulatory effect, leading to full recovery of the efflux potential of the proteolyzed plasma from which the apolipoproteins that are essential for this function had been depleted. The finding that even a huge amount of phospholipids (vastly beyond their concentration regarding the nonsupplemented plasma; see Results) was not sufficient to restore the efflux potential of the chymase-treated plasma clearly demonstrated that phospholipids alone are not competent to reverse the impairment in cholesterol efflux produced by proteolysis of HDL apolipoproteins. This finding provides strong support for the notion that chymase treatment of mouse plasma had abolished the apolipoprotein-mediated pathway of cholesterol efflux. It also potentially provides a novel model for the study of the efflux mechanism that is independent on the intactness of HDL apolipoproteins.
In summary, the present data indicate that proteolysis of mouse plasma by mast cell chymase causes functional failure of all the main apolipoproteins involved in the efflux of cellular cholesterol that can be compensated by supplementation of the plasma with discoidal rHDL containing human apoA-I or apoA-II. The finding of protease sensitivity of all these apolipoproteins demonstrates that a single protease may effectively incapacitate the whole apolipoprotein-mediated removal of cell cholesterol.
Given the strong similarity between rat granule remnant chymase and human chymase regarding apolipoprotein HDL degradation, 4 we hypothesize that in the human arterial intima in which degranulated mast cells have been observed, 1 the secreted chymase may partially maintain its activity and thus may retard the efflux of cellular cholesterol by lowering the levels of apoA-I and other high-affinity efflux-promoting apolipoproteins in the intimal fluid.
